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Background
Polytopic transmembrane proteins are, in general, not particularly strongly conserved during evolution. Inspection of the database of Clusters of Orthologous Groups of proteins (COGs) [1] revealed only one family of such proteins that is represented in most of the sequenced bacterial, archaeal and eukaryotic genomes. The prototype of this family is the Rhomboid (RHO) protein from Drosophila melanogaster, a developmental regulator involved in epidermal growth factor (EGF)-dependent signaling pathways [2] [3] [4] .
Not only were homologs of Rhomboid detected in prokaryotes and eukaryotes, but the pattern of sequence conservation in this family appeared uncharacteristic of nonenzymatic membrane proteins, such as transporters [5, 6] . Specifically, several polar amino acid residues are conserved in nearly all members of the Rhomboid family, suggesting the possibility of an enzymatic activity. Since three of these conserved residues were histidines, it has been hypothesized that rhomboid family proteins could function as metal-dependent membrane proteases [5, 6] . Recently, however, it has been shown that RHO cleaves a transmembrane helix (TMH) in the membrane-bound precursor of the TGFa-like growth factor Spitz, enabling the released Spitz to activate the EGF receptor, and that a conserved serine and a conserved histidine in RHO are essential for this cleavage [7, 8] . Thus, it appears that Rhomboid family proteins are a distinct group of intramembrane serine proteases. Altogether, the genome of Drosophila encodes 7 RHO paralogs (now designated RHO1-7, with the original Rhomboid becoming RHO-1), at least three of which are involved in distinct EGF-dependent pathways, apparently through proteolytic activation of diverse ligands of the EGF receptor [9, 10] .
The newly discovered intramembrane proteolytic activity of RHO places the rhomboid family within the framework of regulated intramembrane proteolysis (RIP), a new paradigm of signal transduction, which appears to be prominent in all forms of life [11, 12] . Under RIP, signaling proteins undergo site-specific proteolysis within TMH, resulting in the release of active fragments, which are the actual effectors in signal tranduction cascades. Until recently, the only characterized cases of RIP in eukaryotes involved presenilin, an aspartyl protease, which cleaves a transmembrane helix in type I membrane proteins, such as amyloid precursor protein (APP), Notch, and Ire1 [13] , and S2P, a metalloprotease, which cleaves a TMH in a type 2 transmembrane protein, the sterol-dependent transcription factor SREBP [11] . Notably, S2P has highly conserved bacterial homologs, and the protease domain of presenilin also might be homologous to bacterial and archaeal type IV prepilin peptidases, although, in this case, the sequence similarity is very low [14, 15] .
In the case of the rhomboid family, the existence of homologs of RHO in most prokaryotes is particularly remarkable because animal RHO proteins are involved in signaling pathways that are not found outside metazoa, which seems to make functional conservation in prokaryotes a remote possibility. The only prokaryotic protein of the rhomboid family that has been characterized experimentally in considerable detail is AarA from the bacterium Providencia stuartii [16, 17] . This protein is involved in the export of a quorum-sensing peptide, a function that, in physiological terms, resembles that of RHO, although the signaling molecules, other than RHO and AarA, are obviously unrelated [18] . In a striking recent development, two independent research groups have shown that several bacterial rhomboid family proteins, including AarA, were capable of cleaving the EGFr receptor ligands (Spitz, Keren and Gurken) that are normally cleaved by RHO paralogs [19, 20] . The cleavage depended on the conserved serine and histidine residues paralogs [19] and, moreover, transgenic flies that expressed AarA developed a phenotype indistinguishable from that induced by overexpression of RHO, whereas RHO could substitute for AarA in Providencia stuartii [20] . These unexpected findings demonstrated the conservation of a RIP mechanism producing extracellular signals in eukaryotes and prokaryotes.
The near ubiquity of rhomboid family proteins among bacteria, archaea and eukaryotes, along with the remarkable functional conservation, suggest that a signaling mechanism mediated by rhomboids might have functioned already in the last common ancestor of all extant life forms, with subsequent loss in several lineages. To address this possibility, we performed a detailed phylogenetic analysis of the rhomboid family.
Results and Discussion
Sequence and structural features and phyletic distribution and of the rhomboid family Although the sequence similarity between eukaryotic and prokaryotic rhomboid family proteins is relatively low (at the level of 15-10% identity in the conserved region), the entire superfamily could be retrieved from the protein sequence databases within three iterations of the PSI-BLAST program with a high statistical significance and without any false positives. The conserved core of the rhomboid family consists of six conserved TMH (Fig. 1) . The predicted catalytic serine is located in TMH5, whereas the predicted catalytic histidine is in TMH7; TMH3 contains two additional histidines and an asparagine, which are conserved in the great majority of the rhomboid family proteins (Fig. 1) . The roles of these conserved residues are not known, but, given the remarkable evolutionary conservation, it seems likely that they also contribute to catalysis; indeed, it has been shown that the conserved asparagines is required for the cleavage of Spitz by RHO.
When examining the multiple alignment of the Rhomboid superfamily proteins, we noticed that several eukaryotic members appear to be inactivated proteases as indicated by the loss of the predicted catalytic serine or histidine ( Fig. 1 and data not shown); these inactivated forms could be regulators of active rhomboid proteases. Several other proteins lack one or more of the conserved residues in TMH3; it remains unclear whether or not these are active proteases.
Bacterial and archaeal members of the Rhomboid superfamily contain 6 TMH, whereas the eukaryotic members typically have an additional, 7 th TMH, which may be attached to the core either form the N-terminus or from the C-terminus as discussed below.
The phyletic distribution pattern of the rhomboid family shows that this intramembrane protease is extremely common in all three kingdoms of life, but is not 
Phylogeny and evolutionary history of the rhomboid family
The multiple alignment of the 6-TMH core of the rhomboid family ( Fig. 1 ) was employed to construct a phylogenetic tree using the least-square algorithm with subsequent optimization using the maximum likelihood method (see Materials and Methods). Only the conserved regions including the TMH and short adjacent stretches shown in Figure 1 were used as the input for tree building, whereas the poorly conserved intervening regions were omitted to avoid the noise from potentially misaligned residues.
The resulting phylogenetic tree of the rhomboid family presents a complex and unexpected picture (Fig. 2) . Neither the eukaryotic nor the archaeal subsets of the family appear to form monophyletic clades. Instead, the eukaryotic rhomboids are split between two major subfamilies, which are positioned in the midst of different prokaryotic branches (Fig. 2) . The first subfamily, which includes 6 of the 7 Drosophila rhomboids, clusters with a distinct prokaryotic assemblage, which consists primarily of Grampositive bacteria as well as a subset of archaeal rhomboids; this clade is strongly supported by bootstrap analysis (Fig. 2) . The proteins in this group of eukaryotic rhomboids, which we designated the RHO-subfamily, typically have an extra TMH added C-terminally of the 6-TMH core; some of these proteins also contain EF-hand Cabinding domains N-terminally of the core (Fig. 2) .
The second eukaryotic subfamily, which we designated the PARL-subfamily, after presenilin-associated rhomboid-like protein (PARL), the human ortholog of Drosophila Rhomboid 7 [6] , resides within a large, heterogeneous prokaryotic cluster ( Archaeal rhomboids are scattered over the phylogenetic tree, with two major clusters and three more isolated proteins joining different bacterial branches (Fig. 2) .
There is no indication of an affinity between any of the archaeal and eukaryotic Two alternatives to this multiple-HGT scenario may be considered. One of them would postulate that LUCA already had multiple, paralogous rhomboids, which evolved via a series of ancient gene duplications, and the odd topology of the phylogenetic tree is due primarily to differential loss of these ancient paralogs. Although this cannot be ruled formally, this hypothesis implies the existence of extremely elaborate signaling system in LUCA, which is hardly compatible with the existing general notions regarding this primitive life form. The second possibility is that the topology of the tree in Figure 2 is simply random. However, the strong bootstrap support for many nodes and the presence of several phylogenetically coherent clusters (above all, the RHO and PARL subfamilies in eukaryotes, but also some of the archaeal and bacterial clusters) seem to argue against this explanation.
The multiple-HGT interpretation of the evolutionary history of the rhomboid family is, at least at first glance, distinctly counter-intuitive, given that this family is nearly ubiquitous among the extant life forms. Indeed, when attempts are made to construct parsimonious evolutionary scenarios on the basis of phyletic patterns [25, 26] , there is no chance that such a widespread family is not assigned to LUCA. It should be realized, however, that these approaches are inherently probabilistic and extensive HGT can fool them. For the rhomboid family, this mode of evolution seems to be particularly plausible (Fig. 3) . It seems likely that the ultimate ancestor of the rhomboid family evolved from a non-enzymatic integral membrane protein, probably a transporter that might have been involved in an early, primitive form of export of signaling peptides in bacteria. The protease active center might have evolved in such a transporter by chance emergence of the suitable catalytic amino acid within two or three of the TMH (Fig. 3 ).
This would enable the transition from simple transport to the RIP mode of controlled export of signaling molecules. Emergence of RIP could have conferred a major selective advantage on the respective bacteria and might have resulted in an evolutionary sweep whereby the gene carrying this trait had been repeatedly fixed, rather than eliminated, after HGT. In terms of the evolution of sequence itself, the requirements for the conservation of the protease activity apparently "locked" the rhomboid family in the regime of relatively slow evolution, which ensures the significant sequence similarity among all family members (Fig. 1) . 
Conclusions
The rhomboid family may be the most widespread and conserved group of 
Material and Methods
The non-redundant (NR) protein sequence database at the National Center for Biotechnology Information (NIH, Bethesda) was searched iteratively using the PSI- Although the tree is shown in a rooted form for convenience, this is an unrooted tree; in particular, the placement of the "root" in the midst of the PARL subfamily is arbitrary.
Internal nodes with at least 70% RELL bootstrap supported are denoted by circles. 
